Histidine decarboxylase is one of the enzymes of the amine precursor uptake and decarboxylation system and is known to be distributed in mast cells and enterochromaffin-like cells. With the hypothesis that histidine decarboxylase expression is a marker for neuroendocrine differentiation, we studied the immunoreactivity of histidine decarboxylase in neuroendocrine cells and tumors of the thyroid gland, adrenal medulla, lung, and gastrointestinal tract. Formalin-fixed paraffin sections were subjected to immunohistochemistry using antihistidine decarboxylase antibody, and the sensitivity and specificity were compared with those of conventional neuroendocrine markers (CD56, chromogranin A, synaptophysin, and neuron-specific enolase). Enterochromaffin or enterochromaffinlike cells, adrenal chromaffin cells, and thyroid C-cells were positive for histidine decarboxylase, and related tumors (carcinoid tumor, pheochromocytoma, medullary carcinoma) showed a high percentage of positive staining. Furthermore, we used the antibody to distinguish small cell lung carcinoma from non-neuroendocrine lung carcinoma and also to detect neuroendocrine differentiation in large-cell neuroendocrine carcinoma and gastrointestinal small-cell carcinoma. The anti-histidine decarboxylase antibody stained most small cell lung carcinoma (18 of 23, sensitivity 0.78), and was rarely reactive with non-neuroendocrine lung tumors (2 of 44; specificity, 0.95). These values were close to those obtained from CD56 staining (sensitivity/ specificity, 0.87/0.98). Histidine decarboxylase was also positive for 6 of 12 large cell neuroendocrine carcinomas and 4 of 7 gastrointestinal small cell carcinomas. In conclusion, we demonstrated that histidine decarboxylase is useful to distinguish between small cell lung carcinoma and nonneuroendocrine carcinoma and to demonstrate neuroendocrine differentiation.
Although numerous immunohistochemical markers for neuroendocrine differentiation have been proposed, their rather low sensitivity and heterogeneous staining often limit their usefulness as diagnostic tools. For example, chromogranin A is a matrix protein associated with neurosecretory granules and therefore is absolutely specific for neuroendocrine differentiation (1, 2) . However, because detectability is directly related to the number of neurosecretory granules, infrequent staining or absence of staining for chromogranin A has been reported in cases of small cell lung carcinoma (3) (4) (5) . On the other hand, anti-neuron-specific enolase (NSE) antibody is highly reactive for neuroendocrine tumors, but its specificity is poor because of cross-reactivity (6) . Recent studies have revealed that new makers such as CD56 and microtubulesassociated protein-2 provide a higher sensitivity for small cell lung carcinoma with a relatively lower frequency of heterogeneous staining (7, 8) .
L-histidine decarboxylase (HDC) is the ratelimiting enzyme for production of histamine by decarboxylation of L-histidine and is distributed in various types of cells, including mast cells, basophiles, enterochromaffin-like cells, and monocytes/ macrophages (9 -12) . Histamine plays a major role in allergy, inflammation, and cardiovascular hemodynamics (13) (14) (15) , and histamine and other factors released from carcinoid tumor are related to the clinical condition known as carcinoid syndrome (16, 17) . Recent studies have also suggested a potential role of histamine in the proliferation of some types of human tumor cells via auto/paracrine activity (18 -20) . HDC, like L-dopa decarboxylase, is one of the enzymes involved in amine precursor uptake and decarboxylation, which is considered to be a common biochemical feature of the so-called amine precursor uptake and decarboxylation system (21, 22) . In fact, a high level of dopa decarboxylase activity has been reported in small cell lung carcinoma (23) , and Ͼ80% of endocrine or neuroendocrine tumors have been found to express dopa decarboxylase (24) . These findings suggest the possibility that HDC may be another marker for neuroendocrine differentiation. One recent study has revealed the expression of HDC in biopsied materials of small cell lung carcinoma (25) . To our knowledge, however, no systematic immunohistochemical study of HDC expression in neuroendocrine or endocrine tumors has been reported.
We planned this study to screen the expression of HDC in lung and gastrointestinal neuroendocrine tumors. Furthermore, we compared the sensitivity and specificity of HDC staining with those of widely used neuroendocrine markers, including NSE, chromogranin A, synaptophysin, and CD56.
MATERIALS AND METHODS

Classification of Tumors
One hundred and eleven surgically resected lung tumors were examined in the Department of Pathology and Cell Biology at University of Occupational and Environmental Health in Kitakyushu, Japan. These cases were classified according to the World Health Organization histological typing of lung tumors (3rd edition; 26) and included carcinoid tumors, small cell lung carcinomas, large cell neuroendocrine carcinomas, classic large cell carcinomas, adenocarcinomas, and squamous cell carcinomas (Table 1) . Large cell neuroendocrine carcinomas were classified according to the criteria described by Travis et al. (27) . The diagnosis of small cell lung carcinoma and other carcinoma is based primarily on light-microscopic observation. Twenty-three cases of carcinoid tumors and adenocarcinoma/squamous cell carcinomas with small cell carcinoma or neuroendocrine carcinoma components of the gastrointestinal tract were also examined. As a positive control, 15 cases of adrenal pheochromocytomas and 4 cases of medullary carcinomas of the thyroid gland were also selected. The diagnosis of all these cases was confirmed by at least three board-certified surgical pathologists.
Immunohistochemistry
Immunostaining was performed with the EnVision method (DAKO). Deparaffinized and rehydrated 5-m sections were incubated with 3% H 2 O 2 for 10 minutes to block endogenous peroxidase activity. Sections were then rinsed and incubated with primary antibodies against chromogranin A (CGA; DAKO M869), synaptophysin (SYN; DAKO M776), NSE (DAKO M873), CD56 (Nichirei clone 1B6, Tokyo, Japan), and L-histidine decarboxylase (HDC; Progen, Heidelberg, Germany) according to the manufacturer's instructions. The rabbit polyclonal anti-HDC antibody raised against rat recombinant HDC is cross-reactive with human HDC (12) . The second peroxidase-labeled antibody was applied and incubated with a solution of 20 mg of 3,3'-diaminobenzidene tetrahydrochloride, 65 mg of sodium azide, and 20 L of H 2 O 2 in 100 mL of TrisHCl (50 mM, pH 7.6). After counterstaining with Meyer's hematoxylin, the sections were observed by light microscopy. For these markers, staining was considered to be positive if Ն5% of tumor cells were reactive, and was classified into two groups: (1) focally positive staining in Ͻ10% of tumor cells, All data are n (%). ND, not done. a Seven cases include two of gastric adenocarcinoma with small cell carcinoma (SCC), one of adenocarcinoma of papilla vater with SCC, one of colon NE carcinoma, one of rectal adenocarcinoma with NE carcinoma, one of gall bladder adenocarcinoma with NE carcinoma, and one of esophageal squamous cell carcinoma with SCC. and (2) strongly positive staining in Ն10% of tumor cells.
RESULTS
HDC Staining
All pheochromocytomas (15 cases) and medullary carcinomas of the thyroid gland (4 cases) tested showed diffuse and strong cytoplasmic immunoreactivity with anti-HDC antibody ( Figures 1A,B) , as did normal adrenal chromaffin cells and thyroid gland C-cells (not shown).
The results of HDC staining of lung and gastrointestinal tumors are summarized in Table 1 . An internal control was provided by neuroendocrine cells scattered in the bronchial epithelium, which were positive for HDC (not shown). Three of 4 bronchial carcinoid tumors were reactive with anti-HDC antibody (1 focally and 2 strongly positive; Fig.  1C ). Eighteen of 23 (78%) of the small-cell lung carcinomas were strongly positive (Fig. 1D) , and 6 of 12 large-cell neuroendocrine carcinomas were positive (Fig. 1E) . With regard to nonneuroendocrine carcinoma, 2 of 20 adenocarcinomas and 2 of 28 large-cell carcinomas were focally reactive, and 3 of 28 large cell carcinomas were strongly positive (Fig. 1F) . No HDC staining was observed in squamous cell carcinomas (0 of 21) and adenosquamous cell carcinomas (0 of 3). In total, 7 of 72 non-small and non-neuroendocrine tumors (9.7%), and 27 of 39 neuroendocrine tumors (69%), of the lung were HDC positive.
In the gastrointestinal tract, scattered HDCpositive cells were observed, possibly representing enterochromaffin-like and enterochromaffin cells (gastrointestinal-neuroendocrine cells; Fig. 2A) . Among the gastrointestinal tumors, detectable HDC staining was observed in 14 of 16 carcinoid tumors (88%, 2 were focally positive, and the others were strongly positive), and 4 of 7 small cell carcinomas (57%) were strongly positive only in the neuroendocrine components, except for 1 focally positive staining (Table 1 and Fig. 2C, 2D) . The areas of adenocarcinoma and squamous cell carcinoma were negative for histidine decarboxylase.
Neuroendocrine Markers in Resected Materials
Results of staining for NSE, SYN, CGA, and CD56 are shown in Table 1 . For pheochromocytomas, medullary carcinomas of the thyroid gland, and bronchial and gastrointestinal-carcinoid tumors, CGA immunoreactivity was 100%, 100%, 75%, and 88%, respectively. With regard to other lung and gastrointestinal carcinomas, an immunohistochemical panel was used to compare the sensitivity and specificity of HDC with those of other neuroendocrine markers. Staining for CD56 showed the highest (87% positive) score, in small cell lung carcinomas, followed by NSE (83%), SYN (26%), and CGA (22%). In large cell neuroendocrine carcinomas, the sensitivities were 82% (CD56), 100% (NSE), 33% (SYN), and 50% (CGA), and all the large cell neuroendocrine carcinomas were positive for at least one of the neuroendocrine markers. On the other hand, large-cell carcinoma lacked positive staining for CD56, SYN, and CGA, and 50% of cases were reactive for NSE. With regard to adenocarcinomas, adenosquamous cell carcinomas, and squamous cell carcinomas, one case of adenocarcinoma that was focally positive for HDC was also focally positive for CD56, SYN, and NSE. Another case each of adenosquamous cell carcinoma and squamous cell carcinoma were focally reactive for SYN. The percentage of positive staining for NSE was 41% in adenocarcinomas, adenosquamous cell carcinomas, and squamous cell carcinomas; among them, one adenocarcinoma was focally positive for both NSE and HDC.
In gastrointestinal small cell carcinomas, positive staining for the panel of antibodies was similar to that of large cell neuroendocrine carcinomas in the lung. CD56 and NSE were 100% positive (7 of 7), and CGA and SYN were reactive in 43% (3 of 7) and 57% (4 of 7) cases, respectively.
Among the small cell lung carcinoma, one case was negative for all markers including HDC. On the other hand, three cases were positive for all markers. In Table 2 , we summarized the frequency of the reactivity of five neuroendocrine markers in the small cell lung carcinoma. Seventy-eight percent of cases (18/23) of the small cell carcinoma were positive for three or more neuroendocrine markers, and 94% of HDC-positive cases (17/18) were also reactive to the other two or more markers.
DISCUSSION
In this study, we evaluated the possibility that HDC expression is a novel neuroendocrine differentiation marker. First of all, we investigated HDC expression in non-tumor neuroendocrine cells, and showed that adrenal chromaffin cells, thyroid gland C-cells, and gastrointestinal and bronchial neuroendocrine cells were strongly positive for HDC. Next, we expanded the application to neuroendocrine tumors, including pheochromocytomas, medullary carcinomas of the thyroid gland, and carcinoid tumor, which also showed intense and diffuse staining. This immunohistochemical demonstration of HDC in normal neuroendocrine cells and neuroendocrine tumors as a positive control indicated that HDC is an excellent marker for neuroendocrine differentiation.
Another amine precursor uptake and decarboxylation-related enzyme, L-dopa decarboxylase, is also highly expressed in pheochromocytomas (86%), medullary carcinomas of the thyroid gland (81%), and bronchial carcinoid tumors (100%) and has been suggested to be a good marker for the neuroendocrine system (22) . In general, however, pathologists do not experience difficulty in diagnosing these tumors. Therefore, a neuroendocrine marker must be able to distinguish between small cell lung carcinoma and nonneuroendocrine carcinoma and to demonstrate neuroendocrine differentiation in other neuroendocrine carcinomas. L-dopa decarboxylase has been found to be expressed even in undifferentiated small cell lung carcinoma (82% in Gould et al., 22) . However, the L-dopa decarboxylase assay is performed with a biochemical method and requires fresh tumor tissue to extract the enzymatic activity.
On the other hand, only a few reports have demonstrated immunohistochemical localization of L-dopa decarboxylase in the neuroendocrine cells of the bronchial and gastrointestinal tract (28) and in small cell lung carcinomas (29) . We do not know why the sensitivity of HDC in gastrointestinal small cell carcinomas was lower than that of small cell lung carcinomas. However, one possible explanation for the difference in detectability is related to the anatomical sites of the lesions. A similar situation has been reported for CD56 immunohistochemistry in carcinoid tumors (30) . The incidence of CD56 immunoreactivity progressively decreased in foregut, midgut, and hindgut carcinoid tumors, whereas lung carcinoid tumors showed 100% staining for CD56 (30) .
In contrast to the case of neuroendocrine tumors, HDC was rarely expressed in lung adenocarcinomas and squamous cell carcinomas (5%, 2 of 44; specificity, 0.95; see Table 3 ). The two positive cases of adenocarcinomas showed only focal staining with relatively less intensity. However, with regard to large cell carcinomas, a higher percentage of staining for HDC was observed (18%, 5 of 28). The classification of large cell carcinomas remains a matter of debate, and it is suggested that large cell carcinoma may include four potential phenotypes (26, 27) : (1) large cell neuroendocrine carcinoma; (2) large cell carcinoma with neuroendocrine markers, but no neuroendocrine morphology; (3) large cell carcinoma with neuroendocrine morphology without neuroendocrine differentiation; and (4) classic large cell carcinoma with no neuroendocrine morphology or differentiation by special studies, includ- The sensitivity and specificity were calculated as follows: sensitivity ϭ true positive/(true positive ϩ false negative); specificity ϭ true negative/ (true negative ϩ false negative).
ing immunohistochemistry or electron microscope (EM). In this study, we did not perform EM, and we had no cases with the appearance of Category 2 or 3 if we use the immunohistochemical results to identify neuroendocrine differentiation. If we consider that HDC is a useful marker to of neuroendocrine differentiation, the five large cell carcinoma cases may be categorized as large cell carcinoma with neuroendocrine differentiation showing no neuroendocrine morphology. Interestingly, four of the five HDC-positive large cell carcinomas were also reactive for NSE.
Even though the detectability of HDC was not so high in large cell neuroendocrine carcinoma and gastrointestinal-small cell carcinoma, the very low expression in adenocarcinoma and squamous cell carcinoma and the higher sensitivity for small cell lung carcinoma suggest the utility of HDC as a new neuroendocrine marker to separate small cell lung carcinoma from non-small cell lung carcinoma and non-neuroendocrine carcinoma. In accordance with other published results (7, 31, 32) , the specificities of CD56, CGA, and SYN were very high, and that of HDC was also high enough to be useful as a neuroendocrine marker (Table 3) . On the other hand, the specificity of NSE was lower than that of other markers. This restricts the usefulness of NSE, even though its sensitivity was as high as that of the other markers. Currently, anti-NSE antibody is used as a tool for primary screening (4, 33) . The reported sensitivity of CGA and SYN for small cell lung carcinoma varies from 0.0 to 1.0 (4, 7, 8, 31, 32, 34) . Because these markers are components of neurosecretory granules (1) and synaptic vesicles (35) , respectively, their detectability is directly linked to the numbers of subcellular organelles (2) . In our study, the immunoreactivity of CGA and SYN for small cell lung carcinoma was 0.22 and 0.52, respectively (Table 3) . On the other hand, CD56 is an adhesion molecule expressed on cell membranes (7, 36) , and HDC is an enzyme localized in the endoplasmic reticulum (9) . These two markers showed a relatively higher sensitivity compared with CGA and SYN. The difference in subcellular localization of marker proteins may influence their detectability.
In conclusion, we demonstrated that HDC is a useful diagnostic tool for distinction between small cell lung carcinoma and non-neuroendocrine carcinoma in combination with other conventional markers.
